Studies based on the analysis of housekeeping genes indicate that Escherichia coli and all Shigella species, except for Shigella boydii type 13, belong to a single species. This study analysed the phenotypic and genotypic characteristics of 23 E. coli strains isolated in different countries from faecal specimens taken from children with diarrhoea. Strains were identified using the VITEK system and typed with rabbit sera obtained against 186 somatic and 53 flagellar E. coli antigens and against 45 Shigella somatic antigens. Biochemical analysis of these strains showed a typical E. coli profile with a defined reaction against both E. coli O179 and S. boydii 16 somatic antisera. Agglutination assays for flagellar antigens showed a response against H2 in 7 (30 %) strains, H10 in 2 (9 %) strains, H32 in 12 (52 %) strains and H34 in 2 (9 %) strains, demonstrating 4 serotypes associated with this new somatic antigen 64474. A serum against one of these E. coli strains (64474) was prepared. Absorption assays of S. boydii 16 and E. coli 64474 antisera with E. coli O179 antigen removed the agglutination response against this O179 antigen completely, while the agglutination titres against both S. boydii 16 and E. coli 64474 remained the same. Four (17 %) E. coli strains showed antimicrobial resistance to piperacillin only, one (4 %) to piperacillin and trimethoprim/sulfamethoxazole, one (4 %) to ciprofloxacin, nitrofurantoin and piperacillin, and two (9 %) strains were resistant to ciprofloxacin, norfloxacin, ofloxacin, piperacillin and trimethoprim/sulfamethoxazole. With regards to PCR assays, one (4 %) of the strains was positive for Shigella gene ipaH, one (4 %) for ipaA, two (9 %) for ipaB, one (4 %) for ipaD, two (9 %) for sepA and three (13 %) for ospF. The rfb gene cluster in the E. coli strains was analysed by RFLP and compared with the gene cluster obtained from S. boydii 16. The rfb-RFLP patterns for all 23 E. coli strains were similar to those obtained for S. boydii 16. The results from PCR tests to detect rfb genes wzx (encoding O unit flippase) and wzy (encoding polymerase) belonging to a cluster related to the biosynthesis of the S. boydii 16-specific O antigen were positive in 21 (91 %) and 22 (96 %) of the strains, respectively. PCR assays to detect E. coli virulence genes were also performed. These assays detected enterotoxigenic E. coli genes ltA1 in 12 of the strains (52 %), st1a in 4 (17 %), cfa1 in 6 (26 %), cs1 in 1 (4 %), cs3 in 3 (13 %), cs13 in 9 (39 %) and cs14 in 5 (22 %) of the strains. Results from the PFGE analyses confirmed the wide geographical distribution of these strains suggesting that 64474 : H2, 64474 : H10, 64474 : H32 and 64474 : H34 are new serotypes of E. coli strains with a defined virulence capacity, and share a common O antigen with S. boydii 16.
INTRODUCTION
Escherichia coli is the most important aetiological agent of childhood diarrhoea and is a major public-health problem in developing countries (Davidson et al., 2002) . Diarrhoeagenic E. coli comprise six major pathotypes: enteropathogenic E. coli, enteroinvasive E. coli (EIEC), enterotoxigenic E. coli (ETEC), enteroaggregative E. coli, diffusely adherent E. coli and Shiga toxin-producing E. coli (Nataro & Kaper, 1998) . Shigella is another human pathogen that is prevalent in less-developed countries where poor sanitation and lack of personal hygiene increase the incidence of disease (Kotloff et al., 1999; Davidson et al., 2002) .
LPS is a key component of the outer membrane of Gramnegative bacteria that comprises three distinct regions: lipid A, an oligosaccharide core and commonly a repeat unit polysaccharide O antigen (Raetz & Whitfield, 2002) . E. coli serotyping indicates relatedness between clinical isolates and allows preliminary classification into pathotypes in the absence of molecular characterization. The highly variable nature of the O antigen provides the basis for serotyping, and the differentiation into 186 O antigen forms (serogroups) that have been recognized in E. coli. Differentiation has led to the categorizing of O174 and O175 to temporary O groups OX3 and OX7, as well as the description of 11 new E. coli O groups that include verocytotoxin-producing E. coli O176, O177, O178, O179, O180 and O181 (Scheutz et al. 2004) , and O182 to O186 (T. Cheasty, unpublished data).
Shigella strains are classified into four species Shigella dysenteriae, Shigella flexneri, Shigella boydii and Shigella sonnei, also known as subgroups A, B, C and D, respectively (ESNC-IAMS, 1958) . Based on antigenic variation in their O antigens, Shigella species are also typed into multiple serotypes. Despite some biochemical and antigenic differences, Shigella and E. coli have always been considered to be very closely related. Studies based on the analysis of housekeeping genes suggested that E. coli and Shigella belong to a single species (Pupo et al., 2000) . This can be supported by studies that show the presence of common somatic antigens between E. coli and Shigella. The reported structures and sequences for 34 Shigella O antigens and for the corresponding E. coli O antigens that have significant antigenic cross-reactions with Shigella O antigens indicate that 21 of the 34 Shigella O antigens and associated gene clusters are identical or closely related to those found in E. coli. However, 12 O antigen gene clusters are unique to Shigella and are not related to other E. coli O antigen gene clusters (Liu et al., 2008; Li et al., 2009) ; S. boydii 16 is one of these.
Over the last 15 years, approximately 10 000 E. coli strains isolated from different sources have been typed with rabbit sera in the Laboratory of Enteric Pathogens in the Department of Public Health, National Autonomous University of Mexico (Departamento de Salud Pú blica, UNAM) utilizing sera obtained against O1 to O181 E. coli antigens and against 45 of the Shigella antigenic groups (13 of S. dysenteriae, 13 of S. flexneri, 18 of S. boydii and 1 S. sonnei serotype). This typing scheme has been extended to include five new E. coli O sera, O182 to O186 (T. Cheasty, unpublished data). Using the expanded serotyping scheme, 23 strains classified biochemically as E. coli were identified serologically as having both E. coli O179 and S. boydii 16 O antigens. The present study was designed to try to explain the significance of these serological cross-reactions.
METHODS
Strains. The 23 E. coli strains used in this study were isolated from children with diarrhoea from 3 different geographical areas. Ten strains were isolated from children in Mexico, eleven in Egypt (kindly provided by Dr Stephen Savarino, Naval Medical Research Center, Silver Spring, MD, USA) and two in Bangladesh. S. boydii 16 (G1219) and E. coli O179 : H8 (E43478) were used as reference strains.
Biochemical identification. The identity of the 23 strains was confirmed using both the VITEK automated system (bioMérieux) and standard methods (Barrow & Feltham, 1993) .
Serotyping. The strains were serotyped by agglutination assays (Ørskov & Ørskov, 1984) using 96-well microtitre plates and rabbit serum (SERUNAM) obtained against 181 somatic antigens and 53 flagellar antigens for E. coli, and against 45 somatic antigens for Shigella species. Rabbit serum against E. coli strain 64474 : H32 was also prepared (Ewing, 1986) . In addition, the serotyping of the E. coli strains was confirmed with 186 anti-O E. coli and 45 anti-O Shigella sera from the Laboratory of Gastrointestinal Pathogens, Department of Gastrointestinal, Emerging and Zoonotic Infections, Centre for Infections, Health Protection Agency, London, UK.
Absorption assays. Rabbit sera prepared against S. boydii 16, E. coli O179 and E. coli 64474 strains were absorbed against homologous and heterologous antigens according to the method described by Ewing (1986) . In brief, smooth colonies grown overnight at 37 uC on blood agar plates were used to inoculate trypticase soy agar plates, which were incubated overnight at 37 uC. Bacteria were harvested into 10 ml 0.15 M NaCl (saline) solution, heated to 100 uC for 1 h and adjusted to a final concentration of 9610 8 bacteria ml
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. The antigens were incubated at 50 uC with the homologous and heterologous serum samples for 2 h, the mixture was then centrifuged (6000 g for 10 min, 4 uC) and the serum tested for agglutinating activity. Virulence genes. PCR assays were used to determine the presence of virulence genes, in a large virulence plasmid, which were directly involved with pathogenic entry into epithelial cells and invasive phenotypes observed in the pathogenesis of Shigella strains: ipaAipaD genes, which encode Ipa proteins that induce cytoskeletal rearrangements required for bacterial entry into epithelial cells (Ménard et al., 1996) ; the sepA gene, which encodes a secreted serine protease of the autotransporter family; ospB and ospF genes, which encode uncharacterized outer Shigella proteins; and the ipaH gene, which is also associated with virulence (Venkatesan et al., 2001) . The primers used in this study are shown in Table 1 . ETEC genes for colonization factor antigens CFA1, CS1, CS3, heat-labile (LTA1) and heat-stable (STa, STb) toxins were amplified using specific primers as reported by Bekal et al. (2003) and Schultsz et al. (1994) . Genes encoding CS13 (PCF O9) and CS14 (PCF O166) were also examined by PCR (Sjöling et al., 2007) , as were the O unit flippase (wzx) and polymerase (wzy) genes for S. boydii O16-specific antigen biosynthesis (Liu et al., 2006) . rfb-RFLP. A single colony of each E. coli strain was grown in LuriaBertain broth (Difco) at 37 uC in a shaking incubator for 18 h, and the culture used for DNA isolation and PCR amplification. Chromosomal DNA was isolated using the DNeasy blood and tissue kit (Qiagen). Oligonucleotides described by Wang & Reeves (1998) were used to amplify the O antigen gene cluster (Table 1) . Long PCR was carried out with the Expand long template PCR system (Roche). The PCR was carried out as follows: a single denaturation step at 94 uC for 2 min; 30 cycles of denaturation at 94 uC for 10 s, annealing at 64 uC for 30 s and extension at 68 uC for 15 min; an additional extension step at 68 uC for 7 min. A 35 ml aliquot of PCR product was digested with 2 U HincII (Invitrogen) in the supplied buffer. After overnight incubation at 37 uC, restriction fragments were resolved by electrophoresis on 1.3 % agarose gel (agarose 1000; Invitrogen). Fragment sizes were estimated using lambda ladder (Invitrogen).
PFGE. Genomic DNA for PFGE analysis was prepared using 1.5 % low-melting-point agarose (Sea Plaque GTG; FMC Bioproducts) and macro restriction analysis of XbaI-digested total DNA was carried out as described by Goering (1993) . The digested DNA was analysed by electrophoresis in 1.0 % agarose, 0.56TBE, with a Chef Mapper pulsed-field system (Bio-Rad) for 18 h at 6 V cm 21 with switching times from 2.16 to 54.17 s. Salmonella enterica serotype Braenderup DNA was restricted with XbaI as standard and used as DNA size markers. Gels were photographed under UV transillumination after staining with ethidium bromide (1 mg ml 21 ). Identical chromosomal banding patterns were considered to represent the same strain. Isolates that differed by three or fewer restriction fragments were classified as subtypes of the same strain, while organisms differing by more than three restriction fragments were considered sufficiently divergent to be considered as a separate strain (Matushek et al., 1996; Goering, 1993) . Similarity relationships were assessed by the UPGMA method.
RESULTS

Identification and serotyping
The E. coli strains were isolated from 23 faecal samples from children with diarrhoea in 3 different geographical All 23 strains were identified as E. coli by VITEK automated and manual identification procedures. Using automated identification, all E. coli strains showed the typical biochemical profile of E. coli: glucose, lactose, maltose, raffinose, sorbitol and xylose were fermented; sucrose was not fermented; and lysine was decarboxylated. Using manual identification, both gas production from glucose fermentation in the 23 strains and indole production were confirmed. These biochemical assays were consistent with E. coli identification but not with the identification of Shigella.
Serotyping of the E. coli strains with 186 anti-O E. coli and 45 anti-O Shigella sera showed a positive agglutination reaction against E. coli O179-specific and S. boydii 16-specific sera, and against a rabbit serum prepared with E. coli strain 64474 (Table 2) . A serological reaction was also shown against flagellar antigens H2 in 7 strains (30 %), H10 in 2 (9 %) strains, H32 in 12 (52 %) strains and H34 in 2 (9 %) strains.
Absorption assays
To evaluate the presence of common epitopes between E. coli O179, S. boydii 16 and the 23 E. coli strains from this study, serum samples prepared against E. coli O179, S. boydii 16 and E. coli strain 64474 were absorbed with homologous and heterologous antigens. Absorption of S. boydii 16 serum with the heterologous E. coli O179 antigen removed only the reaction against the O179 antigen. In contrast, when S. boydii 16 antiserum was absorbed with either S. boydii 16 or E. coli 64474 antigens, the agglutination was removed completely for both S. boydii 16 and E. coli O179 antigens. Absorption of sera prepared against E. coli O179 with either S. boydii 16 or E. coli 64474 antigens showed a significant reduction in the agglutination titre (1 : 3200 to 1 : 1600) when tested against the homologous antigen (O179), and a negative response against both the S. boydii 16 and E. coli 64474 antigens.
Absorption assays of sera prepared against E. coli 64474 with E. coli O179 antigen showed a negative response against the E. coli O179 and a significant decrease in the agglutination titres against E. coli 64474 and S. boydii 16 antigens (Table 2) .
Antimicrobial susceptibility
Eight (35 %) of the twenty-three E. coli 64474 strains showed antimicrobial resistance principally to piperacillin. Four (17 %) E. coli strains from Egypt showed antimicrobial resistance to piperacillin only. One (4 %) of the Mexican strains was resistant to both piperacillin and trimethoprim/sulfamethoxazole antimicrobials. One (4 %) strain from Egypt was resistant to ciprofloxacin, nitrofurantoin and piperacillin, and two (9 %) E. coli strains from Bangladesh were resistant to five antimicrobial agents (ciprofloxacin, norfloxacin, ofloxacin, piperacillin and trimethoprim/sulfamethoxazole).
Virulence genes
PCR assays to determine the presence of Shigella virulence genes gave positive results for ospF in three (13 %) strains, ipaB and sepA in two (9 %) strains, and ipaH, ipaA and ipaD in one (4 %) strain. The 23 E. coli strains were negative for ipaC, ipaJ and ospB genes. With regard to ETEC genes, ltA1 and st1a were present in 12 (52 %) and 4 (17 %) of the strains, respectively (Fig. 1) . Colonization factor cfa1, cs1 and cs3 was identified in six (26 %), one (4 %) and three (13 %) strains, respectively, while cs13 was found in nine (39 %) and cs14 in five (22 %) strains. The st1b gene was not detected. Assays to detect the wzx and wzy genes for S. boydii 16 O antigen biosynthesis were positive in 21 (91 %) and 22 (96 %) strains, respectively. Both wzx and wzy genes were identified in 10 (43 %) of the Mexican strains, as well in the 2 (9 %) Bangladeshi E. coli strains. In terms of the Egyptian strains, 9 (39 %) were positive for the wzx gene and 10 (43 %) for the wzy gene.
PFGE
PFGE analysis (Fig. 1) of the 23 E. coli (64474, S. boydii 16) strains showed 18 electrophoretic types. Three main 
RFLP
The rfb-RFLP HincII restriction pattern of the 23 E. coli strains used in the study was the same as that obtained for S. boydii 16 (Fig. 2) . This pattern had six bands (2300, 2000, 1400, 1000, 500 and 360 bp) and is clearly different from that obtained for E. coli O179 with five bands (3800, 2700, 1700, 1250 and 500 bp).
DISCUSSION
In this study we have characterized the genetic and phenotypic profiles of 23 E. coli enterotoxigenic strains isolated at different times from patients suffering from diarrhoea in Egypt, Mexico and Bangladesh. All of the strains presented typical biochemical characteristics of E. coli, such as gas production from glucose fermentation, lactose, maltose, raffinose, sorbitol and xylose fermentation, indole production and decarboxylation of lysine, and all shared identity with the S. boydii 16 somatic antigen as shown by serological tests and by specific absorption assays. However, in contrast to S. boydii 16, which like all Shigella strains is non-motile due to a deletion of the flhDC flagellar master operon (Tominaga et al., 2005) , the E. coli 64774 strains were motile and had specific flagellar antigens as detected by serological assays. The majority of the strains isolated in Egypt had an H2 antigen, the strains isolated in Mexico an H32 antigen and those isolated in Bangladesh an H10 antigen. The somatic antigen of strain E. coli 64474 was found to be identical to that of S. boydii 16 and to be closely related to that of E. coli O179. This is not a rare event since numerous reports have documented the presence of common or closely related somatic antigens between different serotypes of E. coli and Shigella, especially among strains with invasive capacity in both groups (Liu et al., 2008; Li et al., 2009 ). These include: S. dysenteriae 3 and E. coli O124 (Jonsson et al., 2006) ; S. boydii 15 and E. coli O112ab, which have a similar O antigen structure (Perepelov et al., 2008a) ; S. dysenteriae 2 and E. coli O112ac, which are identical except the E. coli polysaccharide lacks an O acetyl group (Perepelov et al., 2008b) ; S. boydii 1 and E. coli O149 (Liu et al., 2008) ; S. boydii 3 and E. coli O167 (Linnerborg et al., 1997) ; S. boydii 8 and E. coli O143 (Landersjö et al., 1996) ; and S. dysenteriae 11 and E. coli O29, which have the same O structure and antigenic cross-reactivity . In order to confirm whether the antigenic cross-reactivity observed between the studied E. coli strains and S boydii 16 using specific sera was related to the biosynthesis of the O antigen genes of S. boydii 16, an analysis was carried out to determine the presence of the wzx (flippase) and wzy (polymerase) genes that are associated with this characteristic. The presence of the wzx and wzy genes in the E. coli strains used in the study confirmed the existence of a common epitope similar to that found in the S. boydii 16 pentasaccharide O unit antigen (Liu et al., 2006) .
The 23 E. coli strains showed an RFLP pattern of the rfb locus similar to that of S. boydii 16, thus confirming the similarity of the somatic antigen in the bacteria studied. Some studies have reported RFLP patterns similar to the cluster of the rfb gene in Shigella and EIEC, such as the pattern between S. dysenteriae 2 and E. coli O112, S. dysenteriae 3 and E. coli O124, S. dysenteriae 8 and E. coli O38, S. boydii 12 and E. coli O7, and S. boydii 4 and E. coli O53 (Coimbra et al., 1999 (Coimbra et al., , 2000 .
The PCR assays used in this study to determine the pathogenic type of the E. coli strains (Nataro & Kaper, 1998) showed that they belonged to the enterotoxigenic group since they harboured both genes for the production of heat-labile and heat-stable enterotoxins, and for the production of specific colonization factors. The presence of both colonization factors CS13 and CS14 in some strains has been reported in Latin America (Paniagua et al., 1997) , South-East Asia (Qadri et al., 2000) and Australia (Heuzenroeder et al., 1990 ).
E. coli strains with S. boydii 16 antigens have also been found in faecal samples from healthy birds and dairy cattle, which are part of ongoing studies to determine the burden of zoonotic transmission of pathogens in humans associated with diarrhoeal disease. This mechanism could be similar to that described for the transmission of E. coli O157 from cattle and sheep to humans (Chapman et al., 1997; Hancock et al., 1997) . The lack of sanitation and personal hygiene, together with close contact between cattle and birds could be a viable transmission route for these bacteria in developing areas of the world. E. coli 38026, 39359, 46529, 47582, 64643, 64474, 64827, 64887, 65164, 97465, 96101, 100282, 100292, 112187, 112189, 112190, 112191, 112192, 112196, 112197, 112198, 114203 and 114615. The PFGE analysis of the strains in this study indicates a clustering by geographical region, with the majority of ETEC strains isolated in Egypt in 2006 clustering in subgroup A, the strains isolated in Mexico clustering in subgroup B and those isolated in Bangladesh clustering in subgroup C. The strains from Egypt contained the Shigella plasmid virulence genes (ospF, sepA, ipaH, ipaA), as well as the characteristic ETEC genes st1a, cs1, cfa1, cs13, sc14 and ltA1. This is suggestive that the acquisition of the Shigella plasmid genes by the ETEC strains via a mechanism of horizontal gene transfer (Gogarten et al., 2002; Reid et al., 2000) . In addition, the transfer of the O antigen gene cluster from S. boydii 16 to the ETEC strains, thereby generating new strains with genetic and phenotypic characteristics, was also shown. Plasmids are known to cross species barriers enabling them to be highly effective vehicles for horizontal gene transfer between bacteria that coexist in a specific environment over a determined period of time such as the intestine (EscobarPáramo et al., 2003; Schubert et al., 2009) . Acquisition and loss of functions by bacteria could yield betteradapted pathogenic variants, such as EIEC and Shigella , and increase the ability to adapt to a human host making them successful human pathogens through convergent evolution from diverse genomic backgrounds.
The categorization of these ETEC strains into three distinct clusters suggests that the emergence of these new serotypes is a phenomenon that has taken place more than once in the evolution of E. coli. Similar events to those reported in this study have been shown to occur in Shigella species, which suggests that their involvement with the evolution of E. coli has not been an isolated incident (Pupo et al., 2000; Rolland et al., 1998) . The lack of drug resistance, and in particular multidrug resistance, amongst the majority of the studied strains was interesting. All were clinical isolates and the majority were sensitive to the various antimicrobials tested. In contrast, however, two E. coli 64474 Bangladesh strains (included in the cluster II subgroup C) showed a resistance pattern similar to that reported by Qadri et al. (2005) in E. coli strains isolated from clinical cases from the same country. On the basis of this the persistence of E. coli resistant clones in that region is suggested. With respect to the Mexican E. coli strains (cluster II subgroup B), all except one were sensitive to the antimicrobials tested in the study. This observation differs from those described by Estrada-García et al. (2005) and Amábile-Cuevas et al. (2010) in studies performed in Mexico, who reported resistance to ciprofloxacin, ampicillin, trimethoprim/sulfamethoxazole and tetracycline by E. coli strains isolated from clinical cases and environmental samples. The Mexican E. coli 64474 strains in this study were isolated in the mid-1980s in a rural region (Cravioto et al., 1990) . It is believed that the changes in antimicrobial resistance observed in the Mexican E. coli strains in this study are associated with the indiscriminate use of these antimicrobial agents resulting in the selection of resistant strains, especially those resistant to the fluoroquinolones.
The overall findings of this study indicate that E. coli 64474 : H2, E. coli 64474 : H10, E. coli 64474 : H32 and E. coli 64474 : H34 belong to a new serogroup with at least four different pathogenic serotypes showing a somatic antigen identical to that of S. boydii 16 and having the pathogenic characteristics of ETEC strains, with a wide geographical distribution. The existence of this type of E. coli strain opens up a new discussion as to whether these strains are an antigenic variant of S. boydii 16 or whether these strains are primarily composed of ETEC with an S. boydii 16 O antigen. Studies are under way to answer these questions.
